Objective: This study compared three professionally recommended anthropometric body composition prediction equations for men to dual energy X-ray absorptiometry (DXA), and then developed an updated equation, DXA Criterion (DC) from DXA. Design: Cross-sectional. Setting: Exercise Physiology Lab. University of Missouri-Columbia, USA. Subjects: A total of 160 men aged 18-62 y old. Interventions: Percent body fat (%BF) by anthropometry was compared to DXA on the same day. Results: Although %BF was significantly correlated (r ¼ 0.923-0.942) (Po0.01) with DXA for all three equations, each equation underestimated %BF (range ¼ 3.1-3.3%) (Po0.01) compared to DXA. The following DC equation for men was created: %BF ¼ 0.465 þ 0.180(S7SF)À0.0002406(S7SF) 2 þ 0.06619(age); (S7SF ¼ sum of chest, midaxillary, triceps, subscapular, abdomen, suprailiac, thigh; age ¼ years). The predicted residual sum of squares (PRESS) R 2 was high (0.90) and the PRESS standard error of estimates was excellent (2.2% at the mean) for the DC equation when applied to our sample of 160 men. Conclusions: The currently recommended anthropometric equations for men underestimate %BF compared to DXA. The DC equation yields a more accurate estimation of %BF in men aged 18-62 y old. The results from this study support the need for the current %BF standards and norms for men to be adjusted upward.
Introduction
The use of anthropometry to assess body composition continues to play an important role in clinical practice and as an essential field method in large population-based studies. Today, the most commonly used anthropometric methods were developed decades ago from hydrostatic weighing (HW) , that has erroneously been described as the 'gold standard' in body composition. HW is a densitometric method of body composition assessment that estimates two components of the entire body, fat-mass and fat-free mass. This two-component model (2C) is obviously limited since the body is made up of more than just those two compartments. Compare this to the most accurate model of body composition analysis, the four component model (4C), which estimates fat mass, total body water, bone mineral mass and residual (protein and nonbone mineral) following a combination of methods (Lohman, 1992) . The 4C model is the real 'gold standard' in body composition. Unfortunately, it is not realistic to perform this type of assessment on any great number of subjects. Thus, researchers have been forced to develop field methods (ie, anthropometric equations) mostly from the 2C model despite significant differences in %BF values between it and the 4C model (Withers et al, 1998; Clasey et al, 1999) . Differences of 3-4 %BF, attributed mostly to variations in body water, adipose tissue, and bone density have been observed (Bakker & Struikenkamp, 1977) . The difference between the two models has caused the 2C model to lose favor as the best practical criterion method, especially in light of technologically advanced alternatives. In fact, with the advent of more modern and advanced technological means of assessing fatness, the 2C model is now considered an obsolete criterion measure by some (Wagner & Heyward, 1999) . That is not to say that HW is dead, as it is still a key variable in the 4C model since it can accurately determine body density. The problem lies in the conversion of density to fatness. Therefore, all anthropometric prediction equations developed from a 2C model need to be evaluated with an updated standard or multicomponent model.
Dual energy X-ray absorptiometry (DXA) is a technically sophisticated method of body composition that simultaneously measures fat mass, lean mass, and bone (three components) without having to make assumptions about their densities (Pietrobelli et al, 1996) . DXA is safe, requires minimal subject cooperation, and is very quick (6-20 min). DXA is able to directly and accurately measure bone (Going et al, 1993) , something that traditional 2C models like HW must estimate. Consequently, DXA is replacing the 2C model in many labs and is gaining acceptance as a practical reference model against which field techniques can be evaluated.
Since DXA %BF values tend to be higher compared to HW (Clark et al, 1993; Withers et al, 1998) , all anthropometric equations developed from HW, an older standard, should at least be checked and re-evaluated with DXA, an updated standard, to determine if differences exist. For example, in a recent study (Ball et al, in press ), a systematic underestimation of %BF was observed when using the most commonly employed anthropometric equations in two samples of women (n ¼ 150 and 25) when compared to DXA. In fact, the equation that is most often used in exercise science and is professionally recommended by the American College of Sports Medicine (ACSM's Guidelines for Exercise Testing and Prescription, 2000) (ie, the Jackson, Pollock, and Ward 7-site equation) underestimated %BF in 148 of 150 subjects and 23 of the 25 subjects, respectively. The mean difference was 4.6 %BF. Clasey et al (1999) also found the same equation to significantly underestimate %BF in younger (mean difference ¼ 2.4%) and older women (mean difference ¼ 7.9%) compared to a 4C model. Similarly, Hart et al (1993) and Bottaro et al (2002) found other skinfold equations to underestimate %BF compared to DXA in a group of adults and Hispanic women, respectively. Presently, there are no anthropometric equations available for men that have been developed from DXA.
The purpose of this study was to compare the three most popular and professionally recommended anthropometric equations in exercise medicine for predicting %BF in men to DXA. A secondary purpose was to develop a new generalizable equation that more accurately predicts %BF in men, if necessary.
Methods

Participants
A total of 160 men (age 18-62 y) were recruited through the use of fliers and email advertising. All participants signed a written informed consent in accordance with the policies and procedures of the University Human Subjects Institutional Review Board.
Anthropometric measurements
Standard anthropometric measurements were taken according to the procedures recommended by the American College of Sports Medicine (ACSM's Guidelines for Exercise Testing and Prescription). Measurements were taken on subjects wearing minimal clothing. Specifically, subjects were instructed to wear swim trunks, cotton briefs, or tight-fitting shorts. Duplicate circumferences of the hip (largest extension of the buttock) and waist (narrowest point between the umbilicus and rib cage) were measured to the nearest 0.5 cm using a Gulick tension retractable tape (Callaway et al, 1988) . A minimum of two skinfolds were measured at each site in rotating order to the nearest 0.5 mm with a Lange caliper (Cambridge Scientific Industries, Cambridge, MD, USA) at the triceps, chest, midaxillary (vertical), subscapular, abdominal (vertical), suprailiac (at anterior axillary), and thigh. Calipers were calibrated and checked for consistency throughout the range of measurement. These site locations and fold directions were those recommended by Jackson and Pollock (1985) . Inconsistent skinfold measurements (42 mm) were taken a third time and the average of the closest two measurements was recorded. Body density was calculated separately from three prediction equations (Table 1) . Percent body fat was determined using the Siri (1956) equation.
Reliability of anthropometrics
One highly trained technician took all measurements as intertester variability is a major source of error in skinfold measurements (Lohman et al, 1984) . Intratester reliability Jackson and Pollock (1978) ; JP3a ¼ 3-site skinfold equation by Jackson and Pollock (1978) ; JP3b ¼ 3-site skinfold equation by Jackson and Pollock (1985) . Dual energy X-ray absorptiometry Percent body fat was assessed by DXA (model QDR 4500A; Hologic-Delphi Systems, Bedford, MA, USA) using fan beam technology (6 min scan). Computer software version 8.21 was used to estimate body composition. All subjects wore minimal and similar clothing (tight-fitting swimsuit or brieftype underwear). Shoes, jewelery, and any other metal objects were removed prior to each scan. The recommendations of the manufacturer were used to properly place subjects on the DXA table.
DXA reliability
Prior to each testing session all normal and standard DXA quality control measures and equipment checks were performed following the recommendations of the manufacturer. Reliability of DXA was conducted by measuring %BF of 10 volunteers twice on the same day. Between tests each subject was removed from the DXA (Holiday et al, 1995) .
Creation of new generalizable equation
Regression analysis was used to develop a DXA criterion (DC) anthropometric prediction equation. DXA %BF was used as the dependent variable. The recommendations of Jackson and Pollock (1978) were used to determine which variables should be entered into the DC equation. Summing several different combinations of three, four, and seven skinfolds created independent variables. The specific combinations of sites were those that Jackson and Pollock (1976) had already found to be the most highly correlated with %BF. Other combinations of the abdominal, triceps, thigh, and subscapular sites were also tested as recommended by Lohman (1981) . Since body fatness and skinfolds are typically curvilinear in relationship to one another , the squares of these sums were used as separate independent variables. The final predictor was age. Thus, each possible regression equation included a sum of skinfolds, that specific sum squared, and age, at a minimum. In addition, other predictors (waist circumference, hip circumference, weight, and height) were included to determine if any additional variance could be accounted for.
Results
Comparison of %BF by DXA and anthropometry Descriptive characteristics are presented in Table 2 . The comparison between %BF by DXA and %BF predicted by the three equations is presented in Table 3 . The mean differences between DXA %BF and predicted %BF ranged from 3.0-3.2%. Significant (Po0.01) and high (40.90) correlations existed between each of the three anthropometric prediction equations and DXA. Yet, significant differences (Po0.01) existed between %BF by DXA and %BF by each of the prediction equations (Table 3) . Simple linear regression equations to estimate DXA %BF from each equation were created (Table 4) . Each regression illustrated intercepts significantly different from zero and slopes significantly different from 1.0. These results suggest the need for a new more accurate prediction equation. The underestimation of the 7-site equation by Jackson and Pollock (JP7) compared to DXA is depicted in a Bland Altman plot (Bland & Altman, 1986) (Figure 1 ). Data points represent the difference between methods for each subject. Positive values (DXA %BF-JP7 %BF) specify underestimations by the JP7 equation compared to DXA. JP7 underestimated %BF compared to DXA in 87% of the subjects. Although only the JP7 equation is depicted by a Bland Altman plot (Figure 1) , the other two Jackson Pollock equations for men show the same relationship (Table 3) .
New generalizable equation
A DC anthropometric prediction equation was developed from regression analysis. Table 4 shows the variables significantly contributing to the new model include the sum of seven skinfolds (S7SF) (chest, midaxillary, triceps, subscapular, abdomen, suprailiac, thigh), S7SF squared, and age. The PRESS R 2 was 0.89 with an excellent PRESS SEE (2.2 %BF). Figure 2 is a Bland Altman plot illustrating the agreement between measured %BF by DXA and predicted %BF by the DC equation. Each data point represents the difference between the two methods for each subject.
Discussion
Comparison of %BF by DXA and current anthropometric equations Anthropometry has been a popular tool for the assessment of body fatness for sometime. Therefore, it is important to improve the accuracy of this technique as much as possible. Currently, most anthropometric equations were developed from HW, a 2C model that is becoming outdated as the best practical criterion measure available. The main purpose of this study was to investigate differences in predicted %BF from three professionally recommended anthropometric equations for men to DXA, a newer practical criterion method. A secondary purpose was to create a new equation if warranted. Our sample was very similar to that of Jackson and Pollock (1978) from which the professionally recommended JP7 equation was developed. For example, age, height, and weight from the current study are 32.1711.0 y, 178.87 6.9 cm, and 82.3714.1 kg, compared to 32.6710.8 y, 179.07 6.5 cm, and 74.8711.8 kg in the Jackson and Pollock study. Jackson and Pollock (1978) ; JP3a ¼ 3-site skinfold equation by Jackson and Pollock (1978) ; JP3b ¼ 3-site skinfold equation by Jackson and Pollock (1985) ; *Po0.01. In addition, the S7 skinfolds and the S3 skinfolds from the current study are 114.0751.9 and 45.3720.1 mm, respectively, compared to 122.6752.0 and 59.4724.3 mm in the Jackson and Pollock (1978) study. Although the majority of our sample was white (as was the Jackson et al sample), it was represented by Hispanic men (2%), Black men (8%), and Asian men (2%).
Despite significant and high correlations between DXA %BF and predicted %BF by the Jackson and Pollock equations, our results markedly illustrate a significant underestimation by each of the three equations of approximately 3.0 %BF compared to DXA. The similarities between our sample and that of Jackson and Pollock (1978) likely rule out that the underestimation is due to an increased internal body fatness of the current cohort. Rather, the high correlations and the fairly consistent degree of underestimation, suggest that the difference lies in the criterion method used to develop these equations, not within the equation itself. Being that HW is only a 2C model it must assume that the fat-free mass (FFM) has a constant density of 1.1000 g/ cm 3 despite age, gender, fatness, or activity status (Brozek et al, 1963) . Many experts believe this value needs to be more thoroughly validated. For example, Withers et al (1998) found the FFM density to be significantly greater (mean 1.107570.0049) than the assumed value of 1.1000 g/cm 3 in 48 men and women, which led HW to significantly underestimate %BF by 2.3-2.8%. The difference in measured %BF by DXA and predicted %BF by the Jackson and Pollock equations is most likely due to the lack of agreement between HW %BF (converted from density) and %BF by the 4C model, the true gold standard. It is highly unlikely that the difference resulted from an overestimation by DXA. Similar results were found in a previous study using two different DXA machines (Ball et al, in press ) that support our contention that this particular DXA machine was not overestimating. Although DXA is not considered a 'gold standard', it is gaining head-way as the best practical criterion measure in body composition assessment. Although two studies have found DXA to slightly underestimate fatness compared to the 4C model (Tylavsky et al, 2003a; Van Der Ploeg et al, 2003) , in general there is a strong agreement between %BF by DXA and the 4C model (Prior et al, 1997; Withers et al, 1998; Salamone et al, 2000) . Nevertheless, a portion of the differences observed in this study may be attributable to errors associated with DXA. For example, DXA assumes a constant value (0.73 ml/g) for the hydration of soft lean tissue. Variations around this assumed constant can result in error. Despite this limitation, the error in %BF associated with hydration seems to be small (Horber et al, 1992) . DXA is also limited in how it determines the density of tissue directly over bone. The pixels directly over bone must be extrapolated from the nearby nonbone containing pixels. In particular, the trunk area may be of concern, especially in larger subjects. Theoretically, the DC equation would have more error for larger subjects. However, our results show that there was no over or underestimation by the DC equation for body fatness (P ¼ 0.94) (Figure 2 ). Another potential problem, called beam hardening can occur as tissues become thicker. Research however demonstrates that beam hardening is of minimal concern in DXA's ability to predict %BF (Jebb et al, 1995) . Finally, the difference between DXA models, and between software packages, has been investigated as possible sources of error (Tothill et al, 1994; Tylavsky et al, 2003a, b) . It appears that if differences exist, they are fairly small and have little impact on total %BF.
The data from this study suggest that the Jackson-Pollock equations could still be employed due to the high correlations and the fairly consistent underestimation compared to DXA exemplified by Figure 1 . In fact, the cross-validation correlations for these equations with DXA are actually higher than the validation correlations published in the original paper (Jackson & Pollock, 1978) . However, while the mean difference between estimated and measured is one tool of cross validation, it does not tell the entire picture. After running simple regressions predicting DXA %BF from each Jackson and Pollock equation, we discovered that not only was the intercept significantly different from zero but the slope of each equation was significantly different than 1.0 (Table 5 ). This suggests that the underestimation between these equations and DXA is not necessarily a constant one. The regression for JP7 yielded the following equation: DXA %BF ¼ 5.065 þ 0.878(JP7Fat), where JP7Fat ¼ %BF from the JP7 equation. Thus, it is not prudent to simply adjust the Jackson and Pollock equations upward by adding a constant amount. We recommend adjusting to the DXA metric using the regression equations listed in Table 5 if the Jackson and Pollock equations are preferred.
New generalizable equation
For a prediction equation to be an accurate and reliable one, it must be highly correlated to the criterion measure, SEE should be low, and the mean difference between the two measures must be minimal. The DC equation yielded a high PRESS R 2 (0.89), a low PRESS SEE (2.2 %BF) and a small mean (Wilmore & Behnke, 1970; Durnin & Womersley, 1974; Pollock et al, 1976) . For example, on average the SEE is approximately 4.4 %BF (range 3.4-4.6 %BF) (Lohman, 1981) whereas the DC equation yielded a SEE of 2.2%. There are hundreds of anthropometric equations to select from, but the most popular and most recommended equations in exercise medicine for men are those developed by Jackson and Pollock (1978) . Their pioneering research in this area has made the creation of an updated equation much easier. In an earlier study on women (Ball et al, in press), we adopted predictors from the Jackson et al (1980) study with great success and were able to create a new and improved equation. We employed the same approach here and not surprisingly the same variables used in their 7-site equation entered into our equation. This again suggests that there is a systematic difference between DXA determined %BF and HW %BF converted from density by the Siri 2C model. An alternative equation (DC 2 ) using the same predictors as the DC equation with the addition of the waist circumference and body weight was also developed: [%BF ¼ À7.57531 þ 0.16523(S7SF)À0.00025244(S7SF) 2 þ 0.03726(age) þ 0.25708(waist in cm) À0.06480(mass in lbs)]. Although this equation yielded a similar PRESS R 2 (0.90) and SEE (2.1 %BF), it was not selected as a better option because it requires two more predictors without any significant improvement in prediction accuracy.
Recommendations
Anthropometry is an important tool for practitioners and clinicians in fitness facilities, universities, health care facilities, and health promotion programs. The focus of this study was to compare the existing generalizable equations for men developed by Jackson and Pollock to DXA, a newer body composition standard. Despite being highly correlated, the Jackson-Pollock equations significantly underestimated %BF compared to DXA. It is recommended that if practitioners continue to use the Jackson and Pollock equations, an upward adjustment be made using the regression equations listed in Table 5 . A new equation (DC) for men was created that more accurately predicts %BF in men of varying ages and body fatness than the currently recommended equations. The DC equation is the first equation for men developed from the newer standard DXA. The results from this study also may support the need for the current %BF standards and norms for men to be adjusted upward.
